Growth of large-scale graphene is still accompanied by imperfections. By means of a four-tip STM/SEM the local structure of graphene grown on SiC(0001) was correlated with scanning electron microscope images and spatially resolved transport measurements. The systematic variation of probe spacings and substrate temperature has clearly revealed two-dimensional transport regimes of Anderson localization as well as of diffusive transport. The detailed analysis of the temperature dependent data demonstrates that the local on-top nano-sized contacts do not induce significant strain to the epitaxial graphene films.
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Graphene has been intensively studied over the last years. Much effort has been spent in optimizing the growth towards almost defect-free large-scale graphene, which is important if graphene is intended to be used in device structures or electronic circuits [1] [2] [3] . Nonetheless, in all growth processes used so far residual imperfections are present which even may limit the transport properties of the intact graphene areas.
Transport properties in low dimensional structures are often probed in a large-scale geometry using macroscopic contacts. Usually, these contacts are fabricated by means of complicated lithographic processes, thus easily parasitic effects can be induced which may modify the properties of the actual structure 4 . Furthermore, transport is a non-local technique, therefore, this approach lacks the control of relevant imperfections which for instance can give rise to potential fluctuations across the sample 5, 6 .
Against this background nano-scale transport with defined contacts and full control of the morphology is tempting. Keeping in mind that the chemical potentials at the contact sites are not only tuned by external fields but also due to interface effects the ultimate control of a transport measurement is synonymous with the control of the contacts and interfaces with respect to their structure, size, work function, etc. This idea has been already picked up successfully for scanning probe techniques by using functionalized tips for high resolution experiments on molecules. [7] [8] [9] .
In this Letter we concentrate on spatially resolved transport properties of monolayer graphene grown on 6H-SiC(0001) substrates. The controlled navigation and approach of ultra-small W-tips used as local ohmic contacts enables us to directly correlate different transport regimes with local structural properties of the graphene film. Furthermore, the detailed analysis of temperature dependency demonstrates, that the probe tips are able to provide well defined local contacts. Areas with qualitatively different graphene structures are hosted on the same SiC-sample, so that the results can be directly compared with each other.
Epitaxial graphene was grown on 6H-SiC(0001) surfaces by high temperature annealing in an Ar atmosphere 2, 10 . As intended for this work the growth procedure was stopped before the completion of large scale graphene area in order to study different transport regimes by accessing patches of different graphene perfection. The characterization was done with a four-tip STM/SEM system (Omicron) operating at a base pressure of 2 × 10 −8 Pa and 2 temperatures down to 30 K. The high resolution SEM (4 nm, in-lens detector) allows the precise navigation of the four W-tips to desired positions in order to perform scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS) and local transport measurements. In order to avoid irreversible damages to the probes and the graphene all tips were approached first via individual feedback controlled loops into a tunneling contact while ohmic contacts were realized by a defined push down of the tips with calibrated piezos in the feedback-off mode. STS data were taken using a lock-in technique (V ac = 20 meV, f = 1.5 kHz). The thickness and quality of the epitaxial graphene films were checked further by ex-situ confocal Raman spectroscopy operating at 532 nm wavelength 11 .
The overall electronic properties of graphene have been controlled by angle resolved photoemission spectroscopy (ARPES) 10 . Magnifications of the two characteristic graphene areas are shown in Fig. 1b )-e). Thereby, the SEM and STM images were taken at the same location in each of the two areas, thus allowing us to correlate directly the intensity variation in SEM with the height variation as shown by the insets (panels c,e). The variation was confirmed by atomic force microscopy (AFM) thus excluding electronic effects which often mimic height variations in STM. The apparent heights of 2.3Å correlate nicely with the graphene step height seen for graphene on buffer-layer on SiC(0001) 12 and shows that the high-and low-contrast seen in SEM is related to the buffer-layer and graphene phases, respectively. Furthermore, as supported by AFM (cf. with Fig. 2b ), small fractions of bilayer are already formed at step edges appearing also in the SEM image shown in Fig. 1a ). However, the bilayer fraction is a minority and therefore does not influence the local transport properties.
The correlation of the SEM intensity with STM height information enables us to measure large-scale areas rapidly with a sufficient resolution for further statistical analysis. In particular, the statistical analysis of the distance between high/low intensity ratio (histogram in Fig. 1b ) reveals an average graphene island diameter of 12 nm which is fully supported by temperature dependent transport measurements presented below. The corrugation of the 3 (almost) perfect graphene area is around 0.2Å (inset in panel e) and matches with typical rms-roughnesses reported earlier 13, 14 .
As we will show in the following the high (low) intensity in SEM is directly linked to the insulating (conductive) behavior of non-intact (intact) graphene. This strict anti-correlation of the SEM signal with the topography of graphene is very useful because it allows a fast and controlled navigation of the STM-tip to desired positions in order to perform spatially resolved STS and transport measurements which will be discussed in detail in the following.
Spectroscopically, the samples have been characterized by ARPES, Raman and STS. An ARPES spectrum is shown in Fig. 2a ) and clearly reveals the signatures of graphene. The faint intensities around the Dirac cone stems from the bilayer fraction (< 10%) visible also in the AFM phase contrast image shown in Fig. 2b ). In contrast to the STS-measurements the Raman signal was detected from arbitrary sites of the sample, i.e. integrating both perfect and imperfect areas of the sample. A characteristic Raman spectrum of this surface (after substraction of the signal measured on a bare SiC substrate) is shown in Fig. 2c) However, the existence of a D-line at 1352 cm −1 indicates the presence of defects in the graphene 16 . In our samples this peak is most likely induced by the nano-inhomogeneities.
Nonetheless, the Raman signal unambiguously proves the growth of monolayer graphene.
The structural imperfections are accompanied by electronic heterogeneities as easily probed by local STS. The dI/dV signal taken at the bare substrate (e.g. redish area in Fig. 1a) shows a band gap of almost 3 eV which is in reasonable agreement with the band gap of 6H-SiC(0001). The gap is significantly reduced on those areas where both STM and SEM have revealed the imperfect area (greenish area in Fig. 1) . Extrapolation of the band edges reveal an effective gap around 1 eV which is close to the value reported for graphene buffer layers on SiC(0001) 17, 18 . STS-measurements taken at different sites within this imperfect area reveal similar spectra, i.e. a clear discrimination between locally intact and imperfect graphene has not been achieved. Instead, the STS spectra reveal a constant density of states within the transport gap as expected for defected graphene 19 . Different to the spectra on these patches, though, are spectra taken on quasi-perfect graphene (cf. with inset of Fig. 2e ) revealing the characteristic signatures, i.e. the linear band edges as well as the Dirac point which is shifted to negative voltages (E D ≈ −360 meV) due to the intrinsic n-doping of graphene grown on the Si-face of SiC(0001) surfaces in reasonable agreement with the ARPES shown in Fig. 2a ) 20 .
With these information as prerequisite the different nano-scaled graphene areas can be The results obtained on both characteristic areas are shown in Fig. 3a ) for a constant substrate temperature of 300 K. The sheet resistance for the inhomogeneous areas is of the order of R sheet ≈ 8 kΩ/ while it is lower by an order of magnitude for the quasi perfect area. The resistivity is not varying with distance which proofs two dimensional transport in both areas.
The calculation of the sheet resistance according to the formula given above is possible only if the tip spacing L is large compared to the film thickness and, at the same time, small compared to the lateral extension of the area which is probed. Furthermore, the distance of the probes from the edges of the finite patches should be large compared to their spacings.
Otherwise, edge effects play a role and need to be considered by appropriate correction factors 21 . For this approach, the resistance has been measured in a further configuration -in addition to the above proposed tip configuration -namely as R 24, 13 . Thus the sheet resistance can be calculated via 1 = exp(2πR 23,14 /R sheet ) − exp(2πR 24,13 /R sheet ) without relying on correction factors 22 . The deviation from the ideal value, i.e. π/ln2, was found to be < 1 % (2 %) for the imperfect (quasi-perfect) graphene area. The quantitative agreement of both data sets demonstrates that due to the spatial control of the tip placement finite size effects are not dominant and, finally, enables us to probe two adjacent areas with different transport regimes on the same sample.
In order to further quantify the transport regimes temperature dependent measurements were performed. For the imperfect area when decreasing temperature the resistance increases exponentially up to 100 kΩ/ at T = 30 K (cf. Fig. 3b ) strongly indicating activated transport. The probe spacing was kept fixed at L = 1 µm.
This change of resistivity with temperature up to 200 K is reliably described by Anderson localization, i.e. R sheet ∝ exp((T 0 (ξ)/T) 1/d+1 ) where d = 2 denotes the dimension (cf. with inset in Fig. 3b ) 23 . The deviation above 200 K might be attributed to phonon-assisted contributions which are not considered further here in this transport regime. According to Mott
where ξ denotes the localization length, k B the Boltzmann factor and D(E F ) the density of (defect) states at the Fermi energy 24, 25 . The fit to our experimental data reveal an Anderson temperature of T 0 = 4200 K, which corresponds to a localization length of around ξ ≈ 12 nm (see histogram in Fig. 1b) 
is assumed. The transport mechanism in this defected graphene and description in terms of variable range hopping (VRH) supports the conclusions drawn from recent large-scale transport experiments performed on graphene antidot lattice structures 19, 26 .
Quasi-perfect graphene reveals a different behavior. The temperature dependence of the resistance in the alleged perfect graphene area was measured and the results are shown in Fig. 3c ). In contrast to the imperfect area, the sheet resistance increases with increasing temperature which clearly rules out transport via VRH. In fact the temperature dependence of the resistivity can be accurately described by considering phonon assisted scattering in addition to a residual background ρ 0 . In recent studies it has been demonstrated that, besides contributions from longitudinal acoustic phonons in graphene (ρ LA ), also activated contributions from low-energy phonon modes (E 1 = 70 meV and E 2 = 16 meV) need to 28 . As deduced from inelastic tunneling spectroscopy performed on graphite 29 , these modes can be related to acoustic out-of plane modes. The analysis demonstrates that the graphene layer is indeed coupled to the underlying buffer-layer which is closely related to the scenario of remote interfacial phonon scattering 28 . Finally, as we know precisely the chemical potential from STS the electron mobility µ can be calculated from the resistivity. The mobilities in our case were found to be around 700 cm 2 /Vs at room temperature in reasonable agreement with measured mobilities 30, 31 .
In general our results compare well with those reported from other groups, however, the temperature dependence is weaker by a factor of 2 27,30,31 . For instance, the electron-phonon coupling constants for the two phonon modes E 1 and E 2 in the ρ P contribution were found to be C 1 = 282 Ω and C 2 = 112 Ω, respectively, which is significantly lower than those values reported in Ref. 27 . The contribution of ρ LA (for details see e.g. Ref.
27 ) is closely related to 6 the so-called deformation potential D A , which accounts for strain or phonon-induced changes on the electronic band structure. The resistivity curve shown in Fig. 3c ) is described best with D A = 18 eV which is close to the theoretically expected value 32 and which was found for instance in exfoliated graphene samples on SiO 2 28 . In contrast for graphene on SiC larger values for D A are reported which are thought to be induced by additional strain effects 27 .
Therefore, we conclude that the on-top nano-sized contacts used in our experiments do not induce significant stress that would result in larger coupling constants and deformation potentials.
In summary, we have presented a comprehensive study of micron-sized graphene grown on SiC(0001). Besides the morphology the local density of states has been measured and correlated with local transport measurements. The analysis of transport as a function of probe spacings and probe geometries has shown that the graphene patches can be probed locally and that the current paths are not influenced by finite size effects of the different areas.
From temperature dependent measurements the regimes of VRH and diffusive transport have been identified. In particular, the detailed analysis of the latter transport regime has shown that the contacts do not disturb the graphene system. Furthermore the SEM/STM capability of our instrument has been used to calibrate the morphology seen in STM with intensity variations in SEM, thus enabling us to position the probes reliably to desired positions on the sample. Our results show that both positioning of the contacts as well as a gentle contacting are decisive for transport measurements on low dimensional structures.
